The two important characteristics of an IGBT, which should be considered in modelling the device, are the conduction (static) and the switching (dynamic) characteristics. The conduction characteristic parameters were discussed earlier[ 1 I and here only the dynamic parameters are presented. The IGBT model proposed be discussed briefly to give background before a detailed development of the model is presented. The curve-fitting optimisation method available in HSPICE is used to determine the model varameters and the very close to power MOSFETs [2,3] has also broadened the range of applications for this class of device into many systems, including those in low noise environments.
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The importance of IGBT [2] in the power industries is generally accepted and becoming widely used, even though it is a relatively new device. The need to model it in SPICE or one of its family is immensely important. For medium power applications IGBTs are generally chosen for their low saturation voltage which reduces the power dissipation, resulting in a smaller heatsink and other cooling requirements. Voltage controlled input using IGBTs reduces drive requirements, simplifying circuit complexity and potentially reducing costs. Compared with solutions using bipolar transistors, IGBTs offer good thermal stability, not exhibiting the 'runaway' behaviour associated with some transistor types. Like MOSFETs, power rating can be enhanced by the use of parallel connection, but IGBTs are regarded as being more rugged than power MOSFETs. The availability of faster switching speeds that are Figure 1 shows a common symbol of the IGBT and its equivalent circuit [2, 4, 5] . The IGBT is designed such that the turn-on and turn-off times of the device can be affected by the gate-toemitter source impedance. Its equivalent input capacitance is lower than a Power MOSFET with a comparable current and voltage rating. The device is turned on by applying a positive voltage between the gate and the emitter, VGE. In switching applications the device operates in the saturation region.
The device is sinular to a Power MOSFET during turn-on and similar to Power Bipolars during turn-off. The biggest limitation to the turn-off speed of an IGBT is the lifetime of the 0-7803-4971-7/98/$10.00 01998 IEEE lCSE'98 Proc.. Nov. 1998. Bangi. Malaysia minority carriers in the n' epitaxial layer that is the base of the p-n-p BJT. Since this base is not accessible, external drive circuitry cannot be used to improve the switching time. Further more the p-n-p BJT is in pseudo-Darlington connection. it has no storage time and its turn-off time is much better than the same p-n-p BJT in heavy saturation. The charges stored in the base cause the characteristic 'tail' in the current waveform of the IGBT at turn-off. As the MOSFET channel stops conducting, electron current ceases and the IGBT current drops rapidly to the level of the hole recombination current at the inception of the tail. This tail increases turn-off losser. and requires an increase in the dead-time between the conduction of two devices in a half bridge which may distort the waveform.
Gate charge values of an IGBT are useful to size the gate drive circuit and in the estimation of gate drive losses. Unfortunately they cannot be used to predict the switching times, as for the Power MOSFET, because of the minority carrier nature of the device. The switching times provides a useful guideline to establish the appropriate dead-time between the turn-off and the subsequent turn-on of complementary devices in a half bridge configuration and the maximum and minimum pulse widths.
3.THEIGBTMODEL [6-91
The proposed IGBT model. being two discrete devices cascade connected. have more than 100 parameters between them. For the BJT. there are more than 40 parameters for the basic model and these can be specified in the model control line. The dynamic parameter groups that effect the switching characteristics are the Junction Capacitor and the Transit Time. The parameters are CJC, CJE, CJS, FC, XCJC, TF, XTF, ITF, VTF and PTF [6] .
Transient model parameters for BITS are composed of two groups: junction capacitor parameters and transit time parameters. Basically these parameters account for the charge-storage effects of the device. If there were no charge storage, the device would be infinitely fast and currents could be changed in zero time. The two forms of charge storage are the minority camer injection and the space charge.
Charge storage in the BJT is modelled by the introduction of threc types of capacitors:, two non-linear junction capacitors, two non-linear diffusion capacitors. and a constant substrate capacitor. The diffusion capacitors are modelled by specifying the transit time parameters TF and TR. These can be modified to account for bias current and phase by parameters XTF, VTF, ITF and PTF. Typically TF varies with IC, but for the Ebers-Moll model it is assumed to be constant.. Generally it varies from 0.3 ns for a standard np-n transistor to 80 ps for a high frequency device.
The junction capacitors are specified by the parameters CJE, VJE and MJE for the basedemitter junction, CJC, VJC and MJC for the base-collector junction and CJS, VJS and MJS for the collector-substrate junction. The built-in potential is usually about 0.5 to 0.7 V and the junction exponent is assumed to be between 0.333 to 0.5. The default values of the junction exponent and the built-in potential lie within these ranges and hence these parameters need not be specified.
The parameter XCJC models the split of the base-collector junction capacitance across the base resistance. This parameter is usually important at very high frequencies. It value lie between 0 and 1 and is typically of the order 0.8. parameters to calculate these constant parameters as well as TOX which are not specified when CGSO, CGDO and CGBO are given. In addition the charge storage is also modelled by the non-linear, depletion-layer capacitances for both substrate junctions. These parameters are determined by the parameters CBD and CBS which override the necessity of the other capacitance parameters.
DETERMINING THE PARAMETERS
Since the IGBT is based on two discrete devices cascade connected, the model parameter evaluation is difficult because of twodimensional current flow and measurement is impossible because of inaccessibility of internal nodes. Hence another alternative to obtain the model parameters for the two discrete devices Is by using the curve-fitting optimisation method available with HSPICE. This task can be simplified by optimising only the selected relevant model parameters that determined the conduction and the switching characteristics.
The optimisation method in HSPICE can generate automatically the model parameters and component values from a given set of electrical specifications or measured data. With a . user defined optimisation program and a known circuit topology, the design components and model parameters are automatically selected to meet DC, AC, and transient specifications.
The optimisation process requires that the user create an input netlist file specifying the circuit model, circuit parameters which are going to be optimised, minimum and maximum values of the parameters, an initial guess to the selected parameters and components, and the circuit performance goals.
Given the input netlist file, optimisation specifications, parameter limits, and initial guess, the optimiser reiterates the circuit simulation until the target electrical specification is met or an optimised solution is found. For improved optimisation and simulation time, and to increase the chance of convergent solution, the initial guess or estimate of the parameter values should produce a circuit with specifications near those of the original target. This reduces the number of times the optimiser reselects parameter values and resimulates the circuit . Figure 2 depict the circuits use for simulating the transient characteristics. This is a typical manufacturer's test circuit in obtaining the characteristics from the test bench [5] . The plots are obtained by using the HSPLOT facility available within the HSPICE software.
Fig. 2 Circuit for switching Characteristics simulation
The static model parameters are. determined [ I ] before the dynamic model parameters to give a more meaningful results. The following steps are adopted in determining the model parameters: initial parameters variation'tests to determine the typical initial estimate, the lower limit and the upper limit of the parameters for the optimisation method, initial optimisation for obtaining the typical value of the parameters, selected parameter variation tests to determine the effects of the parameters on the characteristics and hence a better initial estimate, lower limit and upper limit can be use, and improved estimate optimisation to determine more accurate model parameters.
SIMULATION RESULTS
All the dynamic parameters of the BJT and MOSFET model were varied and their effects on the switching characteristics observed. The default values and the variation values for the parameters which affect the switching characteristics are noted. Each of the dynamic parameters is varied accordingly with the optimised static parameters specified.
From the results obtained, the parameters that determined the switching characteristics are those that specify the junction capacitance of the BJT, and the overlap capacitance and depletion layer capacitance of the MOSFET.
The parameters that specify the junction capacitance of the BJT, being CJC, CJE and CJS very much affect the fall time and the rise time, especially the CJE and CJS. The turn-off delay time increased when the value of CJS is increased. The collector-emitter voltage overshoot is decreased significantly when the parameters CJE and CJS are included in the model. This is due to the longer fall time and hence decrease of the dv/dt rate of the collectoremitter voltage of the BJT model.
The overlap capacitance parameters CGBO, CGDO and CGSO have very significant influence on the switching characteristics, especially the fall time. In general, the rate of fall increases with higher values of these parameters, which affect the gate-emitter voltage of the IGBT model and hence the dv/dt rate of the collector-emitter voltage at turn-off.
For the depletion layer capacitance only the parameter CBD shows influence on the switching characteristics. The turn-off delay time increased with higher values of CBD.
A clamped resistive-load test, as in Figure 2 , was carried out in the laboratory to obtain the switching characteristic of the device. It is observed that with higher values of Rge the delay time is increased and the V, overshoot is also decreased.
Optimisation of the switching characteristic is based on the data file extracted from the above test with Rge equal to 1 Kohm. Figure 3 shows an oscillogram of the V,, and the Vge. Based on this experimental result and the variation test results, initial optimisation for the dynamic parameters of the IGBT model was carried out. The initial estimate, the lower limit and the upper limit of each parameter is selected from the variation test. The initial optimisation result show that the collector-emitter voltage dv/dt is lower than the data obtained from the experiment but the fall time of the gate-collector voltage is almost the same as the experimental data. To obtain a better result the optimisation algorithm is run a number of times, using the estimated parameters of the previous run as the initial setting of the next run. This inevitably increases the simulation time.
Figure 4 presents switching characteristics of the device with the selected dynamic parameters optimised after the optimisation algorithm is run a few times. It is observed that a good agreement is then obtained between the experimental output and the simulation data. 
CONCLUSION
A simple technique was presented to determine the dynamic parameter of the IGBT model. The optimisation method in the HSPICE package was used to obtain the parameters and these can be used to model the IGBT as a switching device for simulation of any power electronics circuit.
